We are currently investigating the fabrication of high precision, miniaturized, electrostatic deflectors for use in electron or ion beam micro-columns. These columns can be used in a broad array of applications including micmscopy, spectroscopy and lithography. Typically, micm-columns consist of a field emitter tip, a set of micromachined miniaturized lenses and one or more electrostatic deflectors.
L INTRODUCTION
Miniaturized electron beam columns ("microcolumns") have been demonstrated to be suitable candidates for scanning electron microscopy (SEM), e-beam lithography and other high resolution, low voltage applications1. In tl present technology, microcoluxnns consist of "selectively Scaled" micro-sized lenses and apertures, fabricated from silicon membranes with e-beam lithography, reactive ion beam etching and other semiconductor thin-film techniques 1,2 These miniaturized eltron-optical elements provide significant advantages over conventional oplics in perfonnance and ease of fabrication. Since lens aberrations scale roughly with size, it is possible to fabricate simple microcolumns with extremely high brightness sources and electrostatic objective lenses, as shown schematically in Figure 1 , with resolution and beam current comparable to conventional c-beam columns. Moreover, since microcolumns typically operate at low voltages (1KeV), the proximity effects encountered in c-beam lithography become negligible. For high throughput applications, batch fabrication methods may be used to build large parallel arrays of microcolumns3. To date, the best reported performance with a 1 keV cold field emission cathode, is 3Onm resolution at a working distance of2mni in a 3.5mm column'.
Fabrication of the microcolumn deflector and stigmator, however have remained beyond the capabilities of conventional semiconductor processing. Instead, although scaled appropriately, the deflector/stigmator unit is still machined and assembled by hand. Typically, the deflector consists of a precision milled 2mm thick aluminum body and 0.5mm polished copper wire electrodes4. This paper exainizs the LIGA process as a superior alternative to fabrication of the deflectors, especially in terms of degree of miniaturization, dimensional control, placement accuracy, mn-out, facet smoothness and choice of suitable materials. LIGA is a combination of deep X-ray lithography, electroplating, and injection molding processes which allow the fabrication of microstructures with lateral dimensions in the micrometer range, vertical dimensions several hundred micrometers high, and submicron tolerances.
2COLUMN DESIGN CONSIDERATIONS
The function of deflectors is to linearly displace the electron beam in proportion to an applied voltage. The simplest arrangement of electrodes is a set of parallel plates oriented along the x and y axes. However, a large improvement in field distortion and spot aberration may be realized ifthe main plates are augmented by field-shaping auxiliaty plates operated at proportionally lower potentials. The octupole deflector, illustrated in Figure 2 , is typical for this type of design and is currently incorporated into the microcoluxnn. An additional benefit is that an octupole can correct astigmatism in the beam with no Micro-miniaturization of the deflector electrodes is beneficial but only to an extent. In small diameter octupoles, for a fixed beam energy, low voltage swings (-40V -1OV) are required for full deflection and thus it is possible to use very high speed electronics. The deflection amplifiers become limited primarily by the electrode capacitance. This is important for applications such as sub-0. ljnn lithography where 100MHz or more stepping-rates are highly desirable. After a point, however, further miniaturization results in a non-uniform electric field in the active area of the deflector which ultimately limits the maximum scan field size. Other factors that affect performance of the octupole and scale with octupole dimensions are the electrode surface roughness, profile, and placement. All of these contributors must be accurately controlled in the small dimensions.
The current designs for LIGA-fabricated octupoles represented a compromise between drive requirements, scan field size and realizable tolerances. Two sets of octupoles were required with diameters of 1mm and 0.5mm and pole widths of 200 jim and 100 un, respectively ( Figure 1 ). The electrodes were 500 jim thick with corresponding aspect ratios of 2.5:1 and 5:1. With these parameters, the scan field size was estimated to be 10 jim at 1 mm working distance. Acceptable tolerances in all dimensions were +1-lp.m, including surface roughness. A positive and negative prototype of each octupole was required in order to test both plating and evaporation as the final metallization step. Low stress copper was the material of choice, primarily for its high conductivity. The mask incorporated a retaining ring which held tl electrodes in alignment until after transfer to an insulating substrate.
THE LIGA FABRICATION PROCESS
The search for simplicity and low cost has led to developing a LIGA process which, though not optimum in term of physical properties, is simple and inexpensive enough to be used for rapid prototype development. A pattern from a conventional photomask is transferred to a thick (20-3Ojim) photoresist layer which is then patterned with a gold absorber using electroplating. The X-ray mask carrier is a thinned (lOOp.tm thick) silicon <100> wafer. The wafer is coated with a plating base consisting of a chromium film, acting as an adherence layer, and a gold seed layer. The films are deposited using a standard evaporator, to a thickness of 2Onm. Gold X-ray absorber patterns have been produced with an additive process based on contact photolithography in thick resist and gold electroplating, as described in the following paragraphs.
11 Thick photoresist processing Patterns with high aspect ratios and steep edges have been produced by conventional near UV contact printing. A thick positive novolak based resist (Hoechst TM4620) was developed by immersion in a mildly basic aqueous developer. The mask substrates were singly or multiply spin-coated. For novolak resist this produces a 10 pin layer for a single coating, 20 jim for a double coating.
Steep sidewalls require a very good contact between the mask and the photoresist surface. The Hoechst resist was prebaked at 90°C for 10 minutes; there was no postbake after exposure. To insure wetting by the electrolyte solution an oxygen plasma was used to de-scum the developed areas of the mask carrier.
1 Electroplating of mask absorbers
The electrochemical deposition of gold was achieved using a commercial proprietaiy non cyanidebased gold plating solution (Technics-25E). This neutral mildly acidic (PH 6-7) sodium gold sulfite electroplating bath showed good compatibility with the novolak resist. Platinized titanium mesh electrodes were used, and the solution was filtered, circulated at a constant temperature (51.6 °C). A current density of 3A/ft2 was used. The quality of the deposit is critical in the absorber formation in terms of stress in the deposit, plating uniformity, morphology, and reproducibility. The deposits were fine-grained with low surface roughness on the order of lOnm. The stress in the thin deposited film, as determined from a qualitative measurement of substrate bending, was negligible. A more quantitative measurement showed the stress varied was a compressive 0 to 5 MPa in gold films 10 and 20 jnn thick respectively. Current density and electrolyte flow were adjusted to maintain a uniform height distribution across a 3 inch wafer. Thickness uniformity in micro-plating is primarily geometiy dependent; a good thickness uniformity of the gold microstnictures was obtained by plating simultaneously only patterns with comparable feature size. After plating, the resist stencil was removed easily by using an organic solvent stripper.
3.L2 X-ray exposure and pattern transfer
The next step after mask fabrication is the X-ray exposure. The combination of a beiyllium window, and the mask carrier cut offX-rays with wavelengths longer than 0.5 nm. The doses incident on top (Figure 3-a) and bottom (Figure 3-b) of 1000 jim thick PMMA have been calculated with various mask carrier materials and thicknesses. These data were generated for the ALS operating with a stored beam energy of 1.5 GeV and 1.9 GeV, and beam current of 400ma. The exposure time with the ALS operating at 1.9 GeV is reduced by a factor of 20 because the spectral distribution of the x-ray flux is shifted towards shorter wavelengths. Table 1 shows the contrast of the masks as a function of gold thickness with various mask blank materials. In particular, a gold thickness on the order of 18-22 p.m is necessary to achieve a mask contrast of 200 with 100 p.m silicon masks.
Pattern transfer with X-ray masks consisting of 100 jnn thick silicon mask substrates and 20 jim gold absoiber structures was performed on a bending magnet beamline at the Advanced Light Source. This beamline and its particular characteristics have been described elsewhere'. The X-ray resist used was PMMA in the form of commercially available sheets of PlexiglasTM 600-800 jim thick. The exposed PMMA was developed in a mixture of morpholine/2-aminoethanoU2(2butoxyetho,,) ethanol/DI water, the so-called "GG" developer7. This developer was especially formulated so that large thicknesses of PMMA can be developed with a high selectivity between exposed and unexposed areas. Octupoles fabricated in 800 jim thick PlexiglasTM are shown in figure 4 . The fidelity ofthe pattern transfer with a 100 pm thick silicon mask substrate and 20 jim gold absorber structures shows a contrast sufficient for the replication into 800 PMMA jim sheets.
Electroplating of Octupoles
The exposed and developed octupoles are bonded to a conducting substrate with epoxy and then immersed in a acid copper sulfate electrolyte bath at room temperature, with agitation. The current density used for deposition is 20A/ft2. To achieve the desired grain size and reduce stress in the electrodeposited layer a brightener ( oxy-metal) was added to the solution. The time required to plate the octupole up to a copper thickness of 800jim was 35 hours. After plating the surface of the octupole was polished. The completed octupole lens is shown in figure 5 . The metal needles observed on the top edges ofthe octupole are a result ofa non-optimized polishing process.
TESTING OF OCTUPOLES
After fabrication, the octupole will be anodically bonded to Pyrex spacers and mounted in a previously described UHV microcolumn test chamber"4. The present microcolumn source is a field emission tip operated at 1kV with emission currents of 5OnA to lOmA for 300-700V extraction voltage. Distortion measurements will be carried out using an e-beam fabricated high-resolution grid sample and a transmission detector. Raster distortion can be measured by comparing "ideal" beam placement with "actual" placement at several locations in the field. Similarly, beam distortion can be characterized by scanning the beam over fixed edges in the field and plotting beam diameter. Several other important parameters such as orthogonality and skew of the field, and sensitivity of deflectors will also be investigated.
SUMMARY
We have demonstrated that the LIGA process is a viable technique for the fabrication of electro optical octupole lenses for e-beam microcolumms. Microcolumms offer significant advantages over conventional electron optics in performance and ease of fabrication using a batch processing technique such as LIGA. LIGA also opens up the possibility of fabricating arrays of microcolumms which could be used for large field c-beam lithography. The improvements in performance can be attributed to two factors: the miniaturization of the electron optics and the tight dimensional control inherent in LIGA-based processing. Thus the very nature of this application exploits the main advantages of LIGA -the ability to produce high aspect ratio structures over a millimeter high, with ultm high mechanical tolerances. 
